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Edited by Michael R. SussmanAbstract Carnivorous plants usually grow in nutrient-deﬁcient
habitats, and thus they partly depend on insects for nitrogen
and phosphate needed for amino acid and nucleotide synthesis.
We report that a sticky digestive liquid from a sundew, Drosera
adelae, contains an abundant amount of an S-like ribonuclease
(RNase) that shows high amino acid-sequence similarity to S-
like RNases induced by phosphate starvation or wounding in nor-
mal plants. By giving leaves an RNase ‘‘coat’’, D. adelae seems
to achieve two requirements simultaneously to adapt itself to its
speciﬁc surroundings: it obtains phosphates from insects, and de-
fends itself against pathogen attack.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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starvation; Wound response; Drosera adelae1. Introduction
The ability to trap and digest insects and other similar-sized
animals has evolved in several plants, which are referred to as
carnivorous or insectivorous plants [1,2]. The carnivorous plant
group consists of nine families, 17 genera and over 550 species
[2]. Such plants usually grow in nutrient-deﬁcient habitats and
thus they partly depend on insects for nitrogen and phosphate
needed for amino acid and nucleotide synthesis. Sundews have
foliage leaves with elaborate glandular tentacles that secrete a
sticky digestive liquid [2]. The leaves usually curl up to enclose
and digest trapped insects, and the digestive liquid is known to
contain peroxidases, esterases, acid phosphatases and proteases
[3], although no molecular-level analysis of these enzymes has
been reported. Drosera adelae, which grows in Australia, is a
large sundew that has 5 to 10 leaves, with each leaf having
300–400 glandular tentacles. The volume of the digestive liquid
secreted from each tentacle is 0.2–1 ll, and thus even a single
D. adelae generates a large quantity of this liquid.
In trapping insects, carnivorous plants are exposed to
the danger of being injured by their prey and attacked byAbbreviations: RNase, ribonuclease; poly(A), polyadenylic acid;
poly(I), polyinosinic acid; poly(C), polycytidylic acid; poly(U),
polyuridylic acid; PAGE, polyacrylamide gel electrophoresis
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nuclease (RNases) have been shown to accumulate in response
to mechanical wounding or pathogen attack, which is consid-
ered to be part of the self-defence response [4–9]. It is therefore
of interest to study RNases of carnivorous plants from the
viewpoint of their self-defence mechanism.
In the present study, we puriﬁed an RNase contained in the
sticky digestive liquid of a sundew, D. adelae. This protein was
named RNase DA-I (DA is from Drosera adelae and I
means the ﬁrst RNase characterized in the plant), and was
found to be the only RNase in the digestive liquid and to ac-
count for approximately 1.2% of the total protein in the liquid.
Interestingly, the enzyme shows high sequence similarity to S-
like RNases, and especially to those induced by mechanical in-
jury or phosphate starvation.2. Materials and methods
2.1. Puriﬁcation of RNase DA-I from sticky digestive liquid
The pieces of ﬁlter papers (Advantec, Tokyo) were used to collect the
sticky digestive liquid of D. adelae. Since Drosera responds to mechan-
ical stimuli in seconds [10,11], the collection was quickly performed
(usually within one or two seconds) to avoid contamination of proteins
that may be generated in response to the mechanical stimuli. Then, the
papers were put into the Ultrafree-MC Durapore 0.45 lm ﬁlters
(Millipore) and squeezed by centrifugation at 12000 · g for 30 min.
The digestive liquid was collected in eppendorf tubes.
One ml of the sticky digestive liquid of D. adelae was diluted 10-
fold in 10 mM sodium phosphate buﬀer (pH 6.5) and loaded onto
a DEAE-Toyopearl 650C column (0.5 · 7.0 cm; Tosoh Co. Ltd., To-
kyo) equilibrated with the same buﬀer. The column was eluted at
20 ml/h with a linear gradient of 0–120 mM NaCl in the buﬀer, and
absorbance was measured at 280 nm. Collected fractions (0.2 ml each)
were assayed for RNase activity according to the method of Uchida
and Egami [12], with slight modiﬁcations. Brieﬂy, using 1 ll of each
fraction, the assay was performed in 50 mM sodium acetate (pH
5.0) and 10 mM EDTA with 0.25 mg dialyzed yeast RNA in a ﬁnal
volume of 0.15 ml. After 10 min incubation at 37 C, 0.15 ml of
30% TCA was added to stop the reaction and precipitate the RNA.
Absorbance of the TCA-soluble material was measured at 260 nm.
One ribonuclease unit was deﬁned as the amount of enzyme causing
an increase in DA260 of 1.0 min
1 cm1 ml1 at 37 C, according to
Wilson [13].
2.2. RNase activity gel assay
The RNase activity gel assay was performed according to the meth-
od reported by Ye and Droste [14], using a polyacrylamide gel contain-
ing 500 lg/ml bakers yeast RNA for the electrophoresis. RNA
molecules in the gel were stained with a solution containing 0.05%
methylene blue and 1 M sodium acetate (pH 5.0).blished by Elsevier B.V. All rights reserved.
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Polyadenylic acid [poly(A)], polyinosinic acid [poly(I)], polycytidylic
acid [poly(C)] and polyuridylic acid [poly(U)] were used as substrates.
Each reaction mixture (5 ll) contained 400 ng of a substrate, 0.1 U of
RNase DA-I and 50 mM sodium acetate (pH 5.0). The reactions were
performed at 25 C for 20 min, 2 or 12 h, and the reaction products
were subsequently electrophoresed on a 1% agarose gel in 1/2 · TBE
(45 mM Tris–borate/1 mM EDTA, and pH 8.3). RNA molecules in
the gel were stained with methylene blue.
2.4. pH dependence of the activity of RNase DA-I
Reactions were performed at 15, 25 or 37 C for 30 min in a volume
of 150 ll containing 250 lg yeast RNA, 0.18 U of the enzyme, and
100 mM sodium citrate (pH 3.5–6.0) or sodium phosphate (pH 6.0–
8.0). The activity was measured as described above.
2.5. Assay for sensitivity to EDTA
Reactions were performed at 25 C for 20 min in a volume of 5 ll
containing 400 ng poly(A), 0.1 U of the enzyme and 50 mM sodium
acetate (pH 5.0), and in the presence of 10 or 25 mM EDTA, or in
the absence of EDTA. RNA molecules were stained with methylene
blue as described above.
2.6. Determination of partial amino acid sequence
Prior to SDS–polyacrylamide gel electrophoresis (PAGE), the sam-
ples were treated with SDS sample buﬀer containing 50 mM DTT for
1 h at 60 C, and then pyridylethylated with 4-vinylpyridine for 30 min
at room temperature. SDS–PAGE, staining of proteins with CBB R-
250, and subsequent destaining were performed according to standard
protocols. After destaining, the appropriate bands were excised and
washed several times with 50% acetonitrile/0.1 M ammonium bicar-
bonate. After the gel pieces were dried, they were treated with 0.5 lg
of modiﬁed trypsin (Promega) in 25 mM ammonium bicarbonate,
and incubated at 37 C overnight. The generated peptides were then
extracted from the gel pieces by two treatments with 100 ll of 0.1%
TFA/50% acetonitrile at 37 C, for 30 min each. The extracts were
combined, dried, and then redissolved in 0.1% TFA. Fragments were
separated by reverse-phase chromatography using a Smart System
(Amersham Biotech), and the separated peptides were then sequenced
using an amino acid sequencer model 476A (Applied Biosystems).
2.7. Molecular cloning of cDNA fragments for RNase DA-I
The glandular tentacles ofD. adelaewere cut from leaves frozen in liquid
N2. Total RNAwas isolated using theConcert Plant RNAReagent (Invit-
rogen) and poly(A)+ RNA was puriﬁed with a Micro-FastTrack
2.0 mRNA Isolation kit (Invitrogen). Using the poly(A)+ RNA and
SMARTcDNASynthesisKit (Clontech), a cDNAlibrarywas constructed
according to the manufacturers instructions. cDNA fragments of RNase
DA-I were then ampliﬁed by PCR with primers P1 and P2 (P1, 50-YCC-
NACNWSNGGNAARCCNCC-30; P2, 50-NGCNACNGGRCAYT-
CRATRAA-30), which were designed based on partial amino acid
sequences of the enzyme. After size-fractionation by agarose gel electro-
phoresis, DNA of 493 bp in length was cloned into pUC19. On the basis
of the nucleotide sequence of this DNA, primers P3 and P4 (P3, 50-AA-
TACCCTTGCCAGCCTAAC-30; P4, 50-CTCCGCTGTTATAGTTTG-
GCC-30) were designed. The complete 30 end of the cDNA was ampliﬁed
using P3 and the PCR primer (50-AAGCAGTGGTAACAACGCA-
GAGT-30) contained in thecDNASynthesisKit,and50RACEwascarried
out using P4 and the PCR primer. The cDNA end fragments for RNase
DA-I thus obtained were cloned into pUC19.
Six to eight clones were sequenced in all cases and the major se-
quences were selected and linked together. The complete cDNA se-
quence of RNase DA-I thus determined was deposited in the
EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the Accession No. AB211503.3. Results and discussion
3.1. Puriﬁcation of RNase DA-I
One ml of the sticky digestive liquid of D. adelae (Fig. 1A)
was subjected to puriﬁcation through DEAE-Toyopearlcolumn chromatography, and the RNase activity was detected
as a single peak (Fig. 1B). The RNase-containing fractions
were pooled and a part of the pooled sample was subjected
to SDS–PAGE, which gave a single band corresponding to a
molecular mass of 22 kDa (Fig. 1C). Subsequently, an activity
gel assay was performed using sticky digestive liquid from the
plant and part of the pooled fractions, which conﬁrmed that
the RNase activity in the sticky digestive liquid corresponded
to the 22 kDa protein (Fig. 1D). An aliquot of the pooled frac-
tions was also used for determination of the partial amino acid
sequence as a step toward determination of the cDNA se-
quence of the enzyme (see below), which clariﬁed that the
pooled fractions comprised a single protein (data not shown).
Since RNase activity was not detected in the ﬂow-through in
the chromatography (data not shown), this enzyme was shown
to be the only RNase in the sticky digestive liquid. Thus, a sin-
gle step of DEAE-Toyopearl column chromatography was suf-
ﬁcient to purify the RNase to homogeneity, and we named the
enzyme RNase DA-I. The RNase DA-I content in the diges-
tive liquid can be estimated based on the amount of total pro-
tein and the ribonuclease units in the original sample subjected
to the column chromatography, and the amount of puriﬁed
DA-I and its corresponding ribonuclease units, which are
shown in Table 1. When we assume that the RNase DA-I
activity was not lost during the puriﬁcation procedure, the
RNase DA-I content in the total protein in the digestive liquid
is calculated to be 1.2%, which is not a small content.
3.2. Characterization of RNase DA-I
The substrate speciﬁcity of RNase DA-I was investigated
using homopolyribonucleotides. Although the enzyme digested
poly(A), poly(I) and poly(U), it was unable to digest poly(C)
(Fig. 2A). This speciﬁcity is discussed later. The enzyme activ-
ity was found to be high at acidic pH, but was almost zero even
at pH 7.0. The optimum pH for its action on yeast RNA was
found to lie around 4.4 in the temperature range from 15 to
37 C (Fig. 2B). The pH of the trap ﬂuid was measured to be
4.3–4.4. Thus, the value for the optimum pH is very reason-
able. Considering that two acid proteinases were puriﬁed from
Nepenthes distillatoria (a pitcher plant) [15], the digestive en-
zymes of carnivorous plants may generally favour acidic con-
ditions. Many plant RNases are insensitive to EDTA [5]. In
the column chromatography (Fig. 1B), the enzyme activity
was assayed in the presence of 10 mM EDTA. Therefore,
RNase DA-I was thought to be insensitive to EDTA. To con-
ﬁrm this, we compared the enzyme activities between EDTA-
containing and EDTA-absent conditions (Fig. 2C), which
clearly showed that RNase DA-I is insensitive to EDTA.
3.3. Nucleotide sequence of cDNA encoding RNase DA-I
A cDNA library was constructed from the poly (A)+ RNA
puriﬁed from the glandular tentacles of D. adelae. Using this
library, the cDNA encoding RNase DA-I was obtained as fol-
lows. First, partial amino acid sequences of the enzyme were
determined, and DNA primers for PCR were then designed
based on this information. Subsequently, using the cDNA li-
brary and the primers, we ampliﬁed three cDNA fragments
for RNase DA-I by PCR and determined the nucleotide se-
quence of the complete cDNA, as described in Section 2.
The enzyme consists of 937 nucleotides and has an open read-
ing frame of 684 nucleotides, with 87 nucleotides in the 5 0-
untranslated region and 166 nucleotides in the 3 0-untranslated
Fig. 1. Puriﬁcation of RNase DA-I from Drosera adelae. (A) Insect-catching D. adelae. (B) Elution proﬁle of DEAE-Toyopearl column
chromatography. For details, see Section 2. (C) SDS–PAGE of the pooled RNase DA-I-containing fractions. The fractions from Nos. 105 to 124 in
(B) were pooled. Lane 1, the original sticky digestive liquid; lane 2, a part of the pooled RNase DA-I-containing fractions. The marker proteins used
were phosphorylase B (97.4 kDa), serum albumin (66.2 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin inhibitor (21.5 kDa),
and lysozyme (14.4 kDa). (D) Activity gel assay of the puriﬁed RNase. A part of the pooled RNase DA-I-containing fractions was used for
development of RNase activity in an SDS–polyacrylamide gel containing yeast RNA. The RNase activities are seen as clear bands due to the
digestion of RNA in the gel. Lane 1, the original sticky digestive liquid; lane 2, a part of the pooled RNase DA-I-containing fractions. Molecular
mass standards are indicated on the left.
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amino acid sequence of RNase DA-I obtained from the pro-
tein analysis could be unambiguously localized within the de-
duced complete amino acid sequence, as shown in Fig. 3,
demonstrating that the cDNA did indeed encode RNaseDA-I. The cDNA sequence showed that RNase DA-I has
227 amino acids and a molecular weight of 24.9 kDa, including
a putative secretion signal peptide of 18 amino acids. This en-
zyme contains all the conserved sequence motifs that charac-
terize S-like RNases [4].
Fig. 2. Characteristics of RNase DA-I. (A) Substrate speciﬁcity of
RNase DA-I. Using 0.1 U of the enzyme, the indicated homopolyri-
bonucleotides were digested at 25 C for 20 min (lanes 2, 6, 10 and 14),
2 h (lanes 3, 7, 11 and 15), or 12 h (lanes 4, 8, 12 and 16). Lanes 1, 5, 9
and 13 are undigested controls. (B) The pH dependence of the activity
of RNase DA-I. (d), sodium citrate buﬀer; (), sodium phosphate
buﬀer. (—), 37 C; (– - –), 25 C, (- - - -), 15 C. (C) Eﬀect of EDTA on
the activity of RNase DA-I. Poly(A) was digested with RNase DA-I in
sodium acetate buﬀer (pH 5.0) in the presence of 10 mM (lane 3) or
25 mM (lane 4) EDTA, or in the absence of EDTA (lane 2). Lane 1 is
an undigested control.
Fig. 3. Nucleotide and deduced amino acid sequences of RNase DA-I
cDNA. The putative secretion signal peptide is indicated with a thin
line. The translation terminal codon is marked with an asterisk.
Conserved domains in S-like RNases are indicated with bold lines. The
amino acid sequences obtained from protein sequence analysis are
boxed.
Table 1
Puriﬁcation of RNase DA-I by DEAE-Toyopearl column chromatography
Step Total protein (lg) Total activity (U) Speciﬁc activity (U/mg protein) Puriﬁcation (-fold) Yield (%)
Sticky digestive liquid (1.0 ml) 250.0 228.0 912 1.0 100
DEAE-Toyopearl 0.72 54.9 76,250 83.6 24.1
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S-RNases function in self-incompatible cell–cell interactions,
while S-like RNases are implicated in senescence of leaves and
ﬂowers and in responses to hormones, phosphate starvation,
or wounding [4–9,14,16]. Since the RNase DA-I gene is ex-
pressed in glands, which are not involved in the mechanism
of self-incompatibility, and that the amino acid sequence of
the enzyme has all the conserved motifs of S-like RNases,
the enzyme is presumably a member of the S-like RNase fam-
ily. Indeed, RNase DA-I shows high sequence similarity to S-
like RNases, and especially to those induced by mechanical in-
jury or phosphate starvation (Fig. 4), with highest similarity to
the ZRNase II of Zinnia elegans (a common zinnia) [14] and
second highest similarity to the RNase PD2 of Prunus dulcis
(almond) [17]. ZRNase II is induced by mechanical injury[14], RNase PD2 and Nicotiana alata RNase NE are induced
by phosphate starvation [17,18], and RNS1 of Arabidopsis tha-
liana is induced by either of these stimuli [9,19]. Hence, our
data indicate that RNase DA-I is a member of the S-like
RNase family induced by phosphate starvation or mechanical
injury.
RNase DA-I was unable to digest poly(C) (Fig. 2A), and
interestingly, the S-like RNases LE (tomato) and NW (Nicoti-
ana glutinosa) also cannot digest poly(C) [20,21]. RNase LE is
induced by phosphate starvation [20] and RNase NW is a
wound-inducible ribonuclease [21]; therefore, these similarities
in substrate speciﬁcity also suggest that RNase DA-I is a mem-
ber of the S-like RNase family of the kind described above.
3.5. The speciﬁc environment surrounding D. adelae may have
resulted in evolution of a speciﬁc S-like RNase
RNase DA-I is a constitutively-expressed enzyme in the
sticky digestive liquid of D. adelae that appears to be an S-like
RNase, as described above. Why does D. adelae constitutively
express the enzyme? The probable beneﬁts to the plant of
RNase DA-I are provision for phosphate from digestion of
Fig. 4. Comparison of the deduced amino acid sequence of the D. adelaeRNase DA-I cDNA with four RNases that show high sequence similarity to
DA-I. The RNases are ZRNase II from Zinnia elegans [14], RNase PD2 from Prunus dulcis [17], RNase NE from Nicotiana alata [18], and RNS1
from Arabidopsis thaliana [19]. Colons indicate identical amino acid residues, and dashed lines indicate gaps introduced to maximize the sequence
identity. Putative secretion signal sequences are underlined. The RNase DA-I amino acid sequence is 62%, 60%, 58% and 58% identical with those of
ZRNase II, RNase PD2, RNase NE and RNS1, respectively.
T. Okabe et al. / FEBS Letters 579 (2005) 5729–5733 5733prey RNA and digestion of any RNA viruses introduced by
the prey. The nutrient-deﬁcient habitats and a self-defence
mechanism against mechanical injury and/or pathogen attack
seem to have evolved D. adelae to constitutively express an
S-like RNase gene. Considering that most sundews grow under
similar conditions, S-like RNases may be a general component
in their sticky digestive liquids.
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